Microtubules assemble into arrays of bundled filaments that are critical for multiple steps in cell division, including anaphase and cytokinesis. Recent structural and functional studies, including two papers in this issue of Cell (Bieling et al., 2010; Subramanian et al., 2010) , demonstrate how the MAP65 protein PRC1 crosslinks microtubules and cooperates with kinesin motors to control the dynamics and size of bundled regions.
The microtubule cytoskeleton is a remarkable structure that can adopt diverse architectures uniquely suited to the individual needs of a particular cell type or process. For example, in vertebrate cells, the mitotic spindle, which separates chromosomes during anaphase, contains two antiparallel arrays of microtubules with their minus ends anchored at opposing centrosomes and their plus ends overlapping to form a bundle of crosslinked filaments in the middle of the spindle (Figure 1 , bottom inset). In contrast, plant (angiosperm) cells do not possess discrete microtubule organizing centers (i.e., centrioles) but instead rely primarily on specific interactions between microtubules to organize the filaments into crosslinked arrays (Ehrhardt, 2008) .
The variety of microtubule structures observed across different cell types requires a diverse group of proteins to assemble, stabilize, and dynamically control these microtubule arrays. Microtubule-associated proteins (MAPs), which include both molecular motors and nonmotor proteins, regulate the global properties of microtubule structures by moving and crosslinking filaments. Although much is known about these individual proteins, key questions remain about how they interact to control the size, shape, and dynamics of microtubule arrays. Now, two studies in this issue of Cell (Bieling et al., 2010; Subramanian et al., 2010) demonstrate how the MAP65 protein PRC1 (protein regulator of cytokinesis 1) independently bundles microtubules into antiparallel arrays and works with two motors, kinesin-4 and kinesin-5, to control the global properties of these overlapping regions. Together, these papers suggest a model for how microtubule bundles can persist despite the action of numerous motor proteins acting along them.
Microtubule Structure and Dynamics
Microtubules are linear polymers inside the cell composed of α/β-tubulin heterodimers arranged head to tail into protofilaments. The protofilaments, typically 13, associate laterally to form a hollow tube with substantial flexural rigidity and inherent structural polarity, described as having plus and minus ends (Figure 1 ). Microtubules exhibit dynamic instability (Mitchison and Kirschner, 1984) wherein individual microtubules within a population interconvert between states of growth and shortening. In general, microtubule plus ends are more dynamic than minus ends.
The polarity of microtubules within a bundle of overlapping filaments is critical to the action of motor proteins that slide filaments past each other and drive the movement of cargoes, such as chromosomes, on these microtubules. For example, during late anaphase, the overlapping regions of microtubules at the center of the mitotic spindle elongate as the microtubules push the spindle poles to opposite sides of the cell. However, to separate daughter cells during cytokinesis, this overlapping region shortens and forms a dense, compact array of antiparallel microtubules, called the midzone. How does the cell specify the size of the overlapping region in a bundle and manage the timing and position of its remodeling? To answer these questions requires a better understanding of the key molecular players that govern the formation of microtubules.
MAP65 Family of Microtubule Crosslinking Proteins
One major class of proteins that crosslink microtubules into arrays is the MAP65/Ase1/PRC1 family. Biochemical studies with plant extracts identified the first members of this family as 65 kD proteins capable of bundling microtubules (ChangJie and Sonobe, 1993) . Subsequent studies demonstrated that MAP65 proteins crosslink microtubules in vitro with a spacing between microtubule filaments of 25 nm (Chan et al., 1999) , consistent with in situ observations of microtubule bundles in plants. A genetic screen identified the yeast ortholog of MAP65 as Ase1, which is required for properly elongating the spindle during anaphase (Pellman et al., 1995) . Ase1 was later shown to be a homodimer that also bundles microtubules in vitro (Schuyler et al., 2003) , an activity that is critical for its role in sliding microtubule filaments past each other during anaphase. The vertebrate ortholog of MAP65/Ase1 is PRC1, and in mammalian cells, PRC1 regulates the organization of the central spindle during cytokinesis (Jiang et al., 1998; Mollinari et al., 2002) . Phosphorylation of PRC1 by cyclin dependent kinase 1 (Cdk1) negatively regulates the crosslinking activity of PRC1, which limits the bundling of microtubules by PRC1 until late stages of mitosis when they are needed for cytokinesis (Zhu et al., 2006) .
Like other MAP65 proteins, PRC1 and Ase1 are not molecular motors themselves but instead work in concert with motor proteins to organize arrays of microtubules. In fis-sion yeast, Ase1 dynamically controls the overlap of bundles by coordinating with the kinesin-14 motor klp2 (Janson et al., 2007) . In mammalian cells, PRC1 is transported to the midzone of the spindle by Kif4 (kinesin family member 4), a kinesin-4 motor protein that is critical for positioning chromosomes and for cytokinesis in multiple organisms (Glotzer, 2009; Hornick et al., 2010) . Disruption of either PRC1 or Kif4 perturbs the localization of the other protein, making it difficult to elucidate whether the Kif4 motor recruits PRC1 to the microtubules or whether loss of PRC1 disrupts the localization of the central spindle and thus Kif4. Nevertheless, PRC1 is required to set up the central spindle before a number of other kinesins locate to the spindle. These kinesins include motors involved in finishing the assembly of the central spindle and in cytokinesis, including mitotic kinesin-like protein 1 (MKLP-1) and 2 and Kif14 (Glotzer, 2009; Hornick et al., 2010) . Nevertheless, it is still unknown how PRC1 interacts with these motor proteins to direct the size, shape, and stability of the central spindle.
Kinesin-4 Limits Microtubule Overlap Length
To understand how PRC1 organizes microtubule arrays, Bieling and colleagues (2010) developed a total internal reflection fluorescence (TIRF) microscopy assay in which microtubule seeds are attached to a microscope slide and mixed with tubulin dimers to polymerize dynamic microtubules. They then added PRC1 proteins labeled with fluorescent tags to crosslink the microtubules ( Figure  1A ). The PRC1 proteins bound preferentially to microtubules that overlap at antiparallel regions, showing decisively that PRC1 alone is sufficient to crosslink antiparallel microtubules.
Knowing that PRC1 interacts directly with Kif4 (Xklp1 in Xenopus), Bieling et al. next determined how Xklp1 alters the formation of microtubule bundles by PRC1. Previous studies showed that a truncated version of Xklp1 could inhibit both growth and shrinkage of microtubules at particular ends (Bringmann et al., 2004) , suggesting that Xklp1 regulates the dynamics of microtubules within bundles. Indeed, bundles of antiparallel microtubules still formed when Xklp1 and PRC1 were added together to the polymerizing microtubules, but, remarkably, the bundles grew to a fixed size when Xklp1 was present. The authors show that this limit in bundle length is due to cessation of growth at the plus end of the microtubules and that the steady-state length of the overlapping region depends on the concentration of Xklp1 ( Figure 1A) .
These findings uncover an elegant and simple system capable of self-organizing into a bundle of microtubules with a defined length. Moreover, they show that only two additional proteins, PRC1 and Xklp1, are required for making stable microtubule bundles from highly dynamic polymers, with PRC1 generating the bundles and Xklp1 controlling their length.
To understand how Xklp1 "monitors" and regulates the size of the overlap region between microtubules, Bieling et al. next measured how Xklp1 changes the dynamics of individual microtubules that are not crosslinked. They found that Xklp1 (A) Protein regulator of cytokinesis 1 (PRC1) can initiate crosslinking of dynamic microtubules (MT) that interact in an antiparallel fashion (top). Kinesin-4 is a molecular motor directed at the plus ends of microtubules; it accumulates in the region where microtubules crosslink as their plus ends grow (middle). The interaction of kinesin-4 with PRC1 increases the dwell time of kinesin-4 on microtubules, which in turn limits the length of the overlap region by blocking microtubule growth at the plus ends (bottom) (Bieling et al., 2010) . (B) Kinesin-5 is also a molecular motor directed at the plus ends of microtubules, but kinesin-5 can slide microtubules past each other (top). When kinesin-5 is added to crosslinked microtubules (middle), PRC1 maintains the crosslinks despite the sliding action (bottom) (Subramanian et al., 2010) . (C) PRC1 forms a homodimer that interacts through its central spectrin domains with two microtubules to crosslink the antiparallel filaments. Although PRC1 is shown to associate predominantly with α-tubulin, the current resolution of the structures presented by Subramanian et al. (2010) is not sufficient to distinguish between binding to α-or β-tubulin.
alone blocks the growth of microtubules but only at much higher concentrations of Xklp1 than were required to limit the length of microtubule bundles in the presence of PRC1. Bieling et al. then demonstrate that the ability of Xklp1 to limit the bundle length of crosslinked microtubules requires the processive motility of Xklp1. This suggests that Xklp1 motility plays an active role in bundle architecture rather than simply acting to regulate microtubule growth.
The key connection, however, came when the authors found that the presence of PRC1 actually increases the time that Xklp1 stays within the overlapping region of two microtubules (i.e., the dwell time). Together with the previous results, this suggests a model in which PRC1 forms antiparallel crosslinks of microtubules and recruits Xklp1 within the crosslinked regions, where it walks toward the plus ends of microtubules ( Figure  1B ). The effective concentration of Xklp1, which depends on the concentration of PRC1, determines the extent to which Xklp1 blocks microtubule growth and thus the steady-state length of the microtubule bundle. Thus, together Xklp1 and PRC1 determine the size and stability of the overlapping zone between microtubules. Control of bundle length is vital because the central spindle must elongate during late anaphase but then shrink to a shorter size to form the midzone during cytokinesis. Changes in PRC1 binding or the activity of Xklp1 during these morphological transitions may provide a mechanism to control the morphology and function of the central spindle.
PRC1 Forms Compliant Crosslinks between Microtubules
The above study illustrates how a stable bundle of microtubules of a fixed size can form in the presence of two proteins known to function at the midzone in vertebrate cells. However, the work does not explain how PRC1 behaves under conditions where other forces may be acting on the bundles. For example, molecular motors actively slide crosslinked microtubules past each other during the late stages in mitosis.
To characterize how PRC1 and its crosslinking activity modulates or affects the sliding of bundled microtubules, Subramanian et al. (2010) take advantage of elegant microscopy assays they developed in an earlier study to visualize microtubule filaments sliding past each other in vitro by the kinesin-5 motors (Kapitein et al., 2005) (Figure 1B) . Kinesin-5 proteins are important for establishing the bipolarity of spindles during the early stages of mitosis by actively sliding apart microtubules of opposite polarity. Furthermore there is evidence that these molecular motors slide antiparallel microtubules apart during late anaphase (i.e., anaphase B).
Using this assay, Subramanian et al. now find that PRC1 displays two distinct behaviors in the presence of kinesin-5. In certain cases, the concentration of PRC1 in the overlap region and, thus the bundling length, stay constant while one microtubule slides relative to another filament in the crosslinked region. In the second case, the length of the crosslinked region reduces at a rate similar to that at which the filaments slide past each other. Although in this case PRC1 still tracked the microtubule overlap zone, the crosslinking protein did not reduce the velocity at which filaments slide even when excess PRC1 was present. Together, these results demonstrate that the crosslinks by PRC1 do not significantly resist the sliding motion of the microtubules by the kinesin-5 motors. This is important because during cytokinesis these crosslinks must remain in place to preserve the organization of the microtubules in the midzone. At the same time, the crosslinks must allow the microtubules to slide past each other to achieve and maintain complete segregation of the chromosomes.
PRC1 Has a Spectrin-like Microtubule-Binding Domain
How does PRC1 maintain the structure of midzone bundles while simultaneously allowing the overlap region to adjust to the changing architecture of the central spindle? To answer this question requires a better understanding of the structural and biophysical aspects of how PRC1 bundles microtubules. PRC1 has three prominent domains: the N-terminal domain, which mediates homodimerization; the central domain, which contains the major site for binding to microtubules; and the C-terminal domain, which regulates the interaction with microtubules ( Figure 1C ). Using time-lapse TIRF microscopy, Subramanian et al. found that PRC1 diffuses one-dimensionally along the microtubule lattice for an average of 7 s, and the C-terminal regulatory domain enhances this association. These findings support the idea that binding of PRC1 to microtubules is mediated by both the central microtubule-binding domain and the unstructured C-terminal region. This latter domain contains a large number of positively charged residues (i.e., lysines and arginines), which is a common feature of regions that interact with microtubules.
To gain further insight into how PRC1 interacts with microtubules, Subramanian and colleagues determined the X-ray crystal structure of the central microtubule-binding domain of PRC1 and cryo-electron microscopy (cryo-EM) reconstructions of PRC1 fragments bound to microtubules. They found that the central domain of PRC1 consists of a three-helix bundle (?70 Å long) with connecting loops between the helices. A cluster of highly conserved and positively charged residues exists at the interface between α helix 1 and α helix 2 within this helical bundle. Mutation of these residues diminished but did not abolish microtubule binding by PRC1, further supporting the hypothesis that PRC1 possesses two major surfaces that contact microtubules.
Interestingly, this domain shares structural homology with the spectrin domains found in actin-binding proteins (DjinovicCarugo et al., 2002) . Spectrin domains are not required for interaction with actin filaments; instead, they typically link together different functional domains of actin-binding proteins. The present findings by Subramanian and colleagues identify a new role for spectrin domains in regulating the microtubule cytoskeleton.
Cryo-EM reconstructions of microtubules interacting with a truncated fragment of PRC1, which includes the homodimerization domain and the spectrin domain but not the C-terminal domain, revealed that PRC1 crosslinks nearly all microtubules in an antiparallel manner with a spacing of ?35 nm between filaments ( Figure 1C) . Notably, the PRC1 molecules bound to crosslinked microtubules were more structured than those bound to a single microtubule. This suggests that crosslinking itself converts PRC1 from an inherently flexible molecule to a rigid one, which may enhance PRC1's crosslinking activity.
In both cases, the cryo-EM data indicate that PRC1 interacts with one α/β-tubulin heterodimer and extends as a single rod shape almost perpendicular to the microtubule lattice ( Figure  1C) . Remarkably, the crystal structure of the spectrin domain of PRC1 fits nicely into the cryo-EM density with the conserved basic residues between α helix 1 and α helix 2 residing at the microtubule surface. The binding site of PRC1 on the microtubule surface is slightly displaced relative to where many motor proteins interact, providing a possible clue for how motors and crosslinking proteins can bind simultaneously to the same surface of the microtubule.
The above studies clearly define the key microtubule-binding element of PRC1, but the single-molecule studies using truncated derivatives of PRC1 suggest that PRC1 has a second microtubule-binding domain at its C terminus or this C-terminal domain somehow regulates the interaction of the spectrin domain with the microtubule surface. To address this question, Subramanian and colleagues obtained a second cryo-EM reconstruction of a PRC1 construct containing the spectrin microtubule-binding domain and the C-terminal region. This fragment bound in a similar position on the microtubule lattice as the PRC1 construct containing only the dimerization and spectrin domains (Subramanian et al., 2010) . Therefore, the most attractive hypothesis is that the C-terminal domain enhances the affinity of PRC1 with microtubules rather than forming a distinct second site for microtubule binding.
Future Perspectives
The two current papers by Bieling et al. and Subramanian et al. provide critical insight into how inherently dynamic microtubules are organized into functional sub-assemblies, which are fundamental to multiple biological systems. It is remarkable that just two proteins are sufficient to reconstitute the morphological subassembly of the spindle midzone. However, it is essential to remember that these proteins do not work in isolation in vivo but rather function in the complex milieu of the central spindle. The finding that PRC1 induces bundles of microtubules that remain compliant to the action of kinesin-5 is key for understanding how the microtubules in the midzone slide apart while still maintaining an organized structure. It will be interesting to add kinesin-5 to the mixture of Xklp1 and PRC1 to see how the system responds to regulators of both microtubule growth and microtubule sliding, a situation that more closely reconstitutes the physiological one.
The work presented here also opens the doors to crucial structure-function and signaling studies on the PRC1 family of proteins. The identification of residues that clearly form the attachment site to microtubules will allow for the engineering of mutations in PRC1 that modulate the strength of its interaction with microtubules. Previous work has shown that phosphorylation regulates PRC1's interaction with the central spindle . It is interesting that those phosphorylation sites map to the unstructured C-terminal domain of PRC1 that is positively charged and shown to enhance microtubule binding. Interestingly, another study recently found that phosphorylation of an unstructured region of the kinetochore attachment protein Hec1 also controls its affinity for microtubules (Guimaraes et al., 2008) . Thus, phosphorylation of unstructured domains may play a general role in regulating the affinities of microtubulebinding proteins. Finally, understanding how distinct structural modifications of the PRC1 protein affect the morphology of microtubule cytoskeletal arrays in vivo will be an important avenue of future research endeavors.
